The purpose of this study was to investigate the in¯uence of a prototype trunk orthosis to assist an individual with tetraplegia. A single case study (26 year old male, C5 motor complete) using an interrupted time series analysis was conducted to investigate the individual's ability to reach, forward and laterally, and transfer with and without the orthosis. All tasks were performed on an AMTI 1 force platform in the long sitting position, with landmarks of the trunk and limbs recorded using Peak Performances Technologies 1 motion analysis system. After a familiarisation period ten trials were attempted for each phase of the analysis. With the orthosis the subject altered the sitting posture and signi®cantly (F=9.55, P=0.003) increased the distance the subject was able to reach. The median frequency of the centre of pressure (COP) displacement during the reaching task was not signi®cantly altered. The ability to displace the COP when attempting to transfer increased from 16.0 (+3.4 cm) to 19.6 (+2.5 cm), however this was not statistically signi®cant. The likely user population, the overall functional bene®ts, the compliance of the users and possible modi®cations to the device to facilitate use with functional electrical stimulation are all possible directions for future research.
Introduction
The application of biomechanical analysis to human movement for both normal and abnormal conditions has led to the development of fundamental motion analysis paradigms that are the basis for many rehabilitation intervention regimens. Within the spinal cord injury (SCI) population, this is illustrated by the development of orthotic and/or functional electrical stimulation (FES) interventions which have been based on the motion analysis of normal human gait. 1, 2 To date the eects of the application of an orthotic device based on the biomechanical analysis of the lateral transfer are yet to be reported in the literature.
The ability to transfer in individuals with tetraplegia represents a signi®cant factor in overall functional mobility and independence. Approximately 55% of all individuals with SCI have tetraplegia. About half of them have weak triceps and the majority of these individuals can not transfer independently. The variance in the performance is related to factors other than neurological lesion level. 3 The ability to transfer therefore represents a major clinical rehabilitation goal, yet has received little biomechanical inspection.
Many biomechanical factors have been anecdotally associated with the ability to transfer, for example, arm length (in absolute terms and relative to the height of the shoulders above the¯oor and the length of the torso), muscle strength and hand placement. Bergstrom and co-workers 4 demonstrated objectively a signi®cant dierence in fat mass, percentage body fat and the placement of the hand relative to the acromion process when attempting to lift between individuals with C6 tetraplegia who could and could not transfer. There was no dierence between the groups for functional arm length, sitting height, age or body mass.
Findings from our research group, have previously demonstrated that there are two movement strategies adopted by individuals with SCI when transferring. 5 It was found that some individuals performed the lateral transfer using a rotatory movement pattern, where the head moved in the opposite direction to the pelvis. Others performed a translational strategy where the head and pelvis moved in concert. The fact that there are at least two movement strategies may account for the variability in the factors associated with the ability to transfer reported in the literature. It was also demonstrated that individuals with weak triceps attempted to transfer with a rotatory pattern rather than a translatory pattern. 5 Dierences between the two movement strategies may also exist in the phasic activity of the elbow extensors and latissimus dorsi during the transfer. 6 There may also be a dierence in the pre-transfer posture of the individual. The rotatory pattern has a more upright pre-transfer body position, with higher acromion processes and wrists placed closer to the body when compared to the translatory group. 5 Unpublished data from our laboratory also indicates that individuals with tetraplegia are less stable (higher mean frequency of movement) in the pre-transfer position when compared to paraplegics.
It has been hypothesised that the poor trunk stability of the individual with a mid-to high level of tetraplegia may limit upper extremity function. 7 This may include upper extremity reaching performance and possibly the ability to transfer. The eect of increased trunk support on upper limb reaching function in individuals with tetraplegia has yet to be reported.
In recognition of the functional signi®cance of upper limb reaching and the ability to transfer in individuals with tetraplegia, and based on the above biomechanical analyses of the long sitting transfer, a prototype orthosis was developed. A study was then undertaken to investigate the biomechanical and functional adaptations during reaching and transfer tasks in an individual with a C5 level tetraplegia when using a prototype trunk orthosis.
Methods

Subject
The case study involved a 26 year old male (56.6 kg, 188 cm lying) who had received a cervical spine injury following a diving accident 5.8 years previously. He presented with a motor complete C5 tetraplegia (with some sensory sparing distal to the motor lesionFrankel B). 8 At the time of testing he was studying mechanical drafting approximately 4 h a week. He lives independently with 33 h attendant care per week and family support at other times. He had previously received posterior deltoid muscle transfer surgery on his left arm to assist in elbow extension. He could fully extend both elbows with gravity eliminated, against gravity the range was reduced approximately 15 degrees.
He reports that he is independent in bed activities when he can use a rope ladder. He performs some level transfers with an assistant positioning his lower limbs and assisting with the use of a sliding board. He is dependent in all other transfers. He is able to perform basic mobility wheelchair tasks and is able to perform some body repositioning tasks with limited success thereby necessitating some assistance.
The subject reported that at the time of testing he had no pain in the shoulders or arms and that he did not have pain when attempting to transfer.
He received and signed an informed consent form and ethical approval was obtained from the Curtin University Human Research Ethics Committee.
Orthotic design
The concept of an orthosis and the biomechanical analyses of the long sitting transfer were presented to a bio-engineer and orthotist. The design prototype was constructed with three design requirements: (i) to stabilise the trunk, thus making the torso more rigid and therefore act more like a single segment rather than a series of independent segments. (ii) to provide increased amplitude of movement over the base of suport by allowing the upper body to move to positions that may be held without the use of the upper limbs for support, and (iii) to allow voluntary movement into new ranges, in particular into forward exion, during the transfer attempts.
The prototype design incorporated a rigid frame and with an adjustable hinge, lumbar support, anterior chest plate and thigh supports (see Figure 1 ). All adjustable straps were made from Velcro 1 .
Testing protocol
Three tasks (two reaching tasks and one transfer task) were performed on an AMTI 1 force platform in the long sitting position under two conditions: with and without an orthosis. After a familiarisation period of (approximately 10 trials) ten trials were attempted for each phase of the analysis.
The ®rst task was a maximal forward reach using two hands held for 1.5 s. The second was a lateral Figure 1 Antero-lateral view of the orthosis reaching task. During the second task the subject reached as far as possible laterally, held the position for 1.5 s, then reached forward by circumscribing the largest arc possible whilst maintaining the upper extremity extended. The trajectory of the wrists relative to the knees and body mid-line as viewed from an overhead video camera was recorded. The area of reach (see Figure 2 ) was quanti®ed by calculating the area between the wrist trajectory, the knee line and a parallel line 10 cm from the mid-line.
During the static hold, stability assessments were made from the displacement of the centre of pressure (COP) which was recorded at 100 Hz on a PC via Peak Performances Technologies 1 software. The raw data were transferred to an Excel 1 database, where the COP co-ordinates (Ax and Ay) were calcualted. The median frequency of the displacement of the COP was determined from the power density spectrum calculated from a Fast Fourier Transformation (FFT). 9 A minimum of 128 data points were used for each static hold phase. During the lateral reaching task the dynamic stability of the individual was assessed by determining the amplitude of the excursion of the COP laterally.
The third task was a long sitting lateral movement on the same surface (force plate). This movement pattern was believed to mimic the motor strategy of an individual attempting to perform a lateral transfer. Lateral and posterior views of the spatial models from re¯ective landmarks were recorded using two video cameras (see Figure 3) . The Peak Performances Technologies 1 motion analysis system were used to calculate 2-D Cartesian co-ordinates of all the landmarks. From these co-ordinates the pre-transfer postures and lateral displacement of the pelvis were determined for each trial. Movement analysis crosscorrelations between the lateral displacements of the head and the pelvis were used to identify the relative synchronisation of their displacements during the dynamic phase of the transfer. These were used to quantify the movement strategy (rotatory or translatory) as previously reported by this research group. 5 The force plate trigger was synchronised with the video by a frame marker.
Statistical procedures
Repeated assessments of one individual violates the parametric statistical assumption of independence. 10 Therefore interrupted time-series analysis (ITSA) was used to determine the eect of the intervention (orthosis) by controlling for autocorrelation of scores. It was recognised however that with less than 25 observations in each phase the power of the statistical process was decreased thereby increasing the chances of a type II error. 11 Statistical signi®cance was accepted at the 0.05 level of con®dence.
Results
Subjective ®ndings
The subject requested standby assistance when performing all tasks when without the orthosis. Assistance was required on two occasions when the subject failed to maintain his balance.
When the orthosis was ®tted no standby assistance was required. The subject reported that the orthosis was`too tall' for him and the chest plate pressed against the lower borders of his clavicles. During one attempted transfer he was able to lift himself brie¯y, from the supporting surface, a task he had not been able to perform since his injury. The subject stated that in assessing the bene®t of the orthosis it was Figure 2 Overhead schematic diagram of the subject position for the reaching tasks. Area of reach is de®ned by the wrist trajectory, the knee line and a line 10 cm from the mid-line Figure 3 Schematic diagram of landmarks and camera position for the lateral and posterior view spatial models used for the motion analysis necessary to balance the improved function with the inconvenience of putting the orthosis on and taking it o. This issue needs further investigation. Figure 4 illustrates the lateral pro®le of the subject with and without the orthosis in the pre-transfer posture. With the orthosis the subject was able tō ex further forward and there was increased extension of the lumbar spine. This altered posture is re¯ected by signi®cant increases in the relative position of the seventh cervical spinal process relative to the knee line during the transfer (F=10.01, df 2,18 P=0.002).
Posture
Reaching
The mean area of reach past the line of the knees was signi®cantly increased (F=9.55 df 2,12 P=0.003) from 285+80 cm 2 to 1770+308 cm 2 (620% increase). These increases were a result of the change in trunk posture rather than improved upper extremity extension. The wrist trajectories drawn relative to the knee line and relative to the acromion process (see Figure 6 ) clearly illustrate this.
The median frequency of the COP during the static hold reaching tasks was not statistically dierent between conditions. With the orthosis, the median frequencies ranged between 0.4 and 6.9 Hz (mean 2.0 Hz, SD 2.3 Hz) and without the orthosis 0.5 and 11.6 Hz (mean 2.9 Hz, SD 3.4 Hz).
During the lateral reaching task, the mean lateral displacement of the COP was signi®cantly greater with the orthosis (2.6 cm SD 0.87 cm) than without the orthosis (1.0 cm SD 0.23 cm).
Transferring
The subject demonstrated a rotatory movement strategy independent of the use of the orthosis since all trials had strong negative correlations between the lateral displacement of the head and pelvis. The mean (and standard deviation) correlation coecient over the ten trials without the orthosis was 70.98 (SD 0.02) and with the orthosis 70.84 (SD 0.07). The coecient of variation for each phase was 2.0% and 8.3% respectively.
The lateral displacement of the pelvis for the tenth trial for each testing protocol was lost due to data transformation diculties. Figure 5 illustrates the time series data of nine repeated trials for the lateral displacement of pelvis during the transfer with and without the orthosis. The mean distance the pelvis was 
Discussion
The fact that the subject lifted the pelvis clear of the supporting surface shows that the orthosis did alter some biomechanical factors which improved his ability to lift. Bergstrom and co-workers 4 used the ability to lift the pelvis as a requirement for independent transfer. If one uses this classi®cation, the orthosis improved the performance of this subject. However, the likelihood of the subject using the orthosis in the present con®guration was limited therefore future use of the system requires signi®cant design modi®cations. This is supported by the feedback of the subject. This would incorporate positioning the vertical arms anteriorly and more medially on the chest. Furthermore, the utility donning and dong the orthosis needs to be balanced with the increases in function. These issues may be considered in an overall quality of life assessment procedure.
Pre-task postures
The orthosis altered the long sitting posture of the subject by allowing him to sit forward with a more extended lumbar and lower thoracic spine. Without the orthosis the subject tended to sit back onto his sacrum with his pelvis rotated posteriorly. With the orthosis the pelvis was rotated anteriorly and the subject tended to sit more on his ischial tuberosities. This alteration in posture is directly re¯ected in the increased reaching capability when assessed by the area circumscribed in front of the knee-line.
Similarly, in the pre-transfer posture the subject was exed further forward. It has been hypothesised that individuals with long arms relative to their stem (torso) length are more likely to transfer independently than individuals with short relative arm length. Yet, this has not been demonstrated in the experimental setting. 4 One method of bringing the shoulders closer to the supporting surface and thereby increasing the functional arm length is to¯ex forward. Although the individual¯exed further forward with the orthosis, the heights of the acromion processes were not signi®cantly dierent. Therefore, there was no relative increase in the functional arm length of the subject between conditions. Nevertheless, moving the trunk forward also brings the centre of mass forward and this may improve the biomechanical advantage of the shoulder depressors (working with humeral attachments ®xed) to lift the pelvis. Such a notion would support inferences made by Bergstrom and co-workers. 4 
Reaching
The use of the orthosis increased the reaching capability of the individual with C5 quadriplegia.
However, this was primarily a mechanism of the altered trunk posture. Plotting the trajectories relative to the acromion process demonstrated that changes in the upper extremity extension made a minimal contribution to the improved performance. A significant functional impact on the upper extremity reach may be re¯ected in the increased lateral excursion of the COP during the reaching task. Hill 7 illustrated the fact that two handed reaching is virtually impossible for individuals with poor trunk stability. The provision of the orthosis may lead to improved bilateral upper extremity function via a mechanism of increased core (trunk) stability and altered body posture.
Transfers
The prototype orthosis did not alter the rotational movement strategy of the individual in this trial. The subject demonstrated a very stable movement pattern without the orthosis. When using the orthosis the variability of the motor pattern analysis increased. From this, it would seem that the subject was still learning how to optimise the co-ordination of the head and trunk. Given that the subject had had a short familiarisation period it is clear that future research will endeavour to elucidate the ecacy of the orthosis over an extended practice period. It remains unclear if the orthosis, in increasing the core stability of the individual, provides any bene®t for the individual to transfer the angular momentum from the head and shoulders to the pelvis when attempting to move the pelvis laterally.
Although there was a mean increase in the lateral displacement of the pelvis between phases it was not possible to dierentiate this from the natural trend of the data. However, the fact that the subject was able to¯ex forward without using his arms for support may present a possible mechanism for a greater biomechanical optimisation of hand placements during transfers. This may lead to an improved overall performance by altering the lifting biomechanics. In any case, the clinical signi®cance (as opposed to statistical signi®cance) of the 3.6 cm increased lateral displacement of the pelvis when using the orthosis is yet to be elucidated.
Finally, the results of this study suggest that this prototype orthosis may have in¯uenced the stability of the individual and altered the options for hand placements during the transfer. Signi®cant development of the orthosis and a possible longterm training regimen may assist in understanding which mechanisms may in¯uence the functional outcome of the individual. It may be possible that such a device may prove useful as a basis for future functional rehabilitation regimens which progress to a hybrid orthotic system.
Conclusions
The ability to transfer in individuals with tetraplegia represents a signi®cant factor in their overall mobility.
Most research to date, associated with SCI mobility, has been directed towards gait and is based on extensive and well reported fundamental biomechanical analysis of the gait cycle. The ability to transfer independently represents a greater functional improvment and is associated with the more dependent individuals when compared to walking in individuals with paraplegia. This study has utilised previous biomechanical research which has identi®ed factors related to the ability to transfer, developed an orthosis on the basis of the biomechanical analysis, and demonstrated that the forward arm reach was increased in one individual with greater safe excursion of the COP during the dynamic phase of the reach. The improved arm reach was a result of increased forward exion and a more extended lower trunk. Using the orthosis the subject was on average able to laterally displace the pelvis an additional 3.6 cm during an attempted transfer. This was found not to be statistically signi®cant and the clinical signi®cance is yet to be elucidated.
It is clear that further development of the system is required, yet it represents a possible unique solution, based on motion analysis principles, of transferring by dependent individuals with quadriplegia. The likely user population, the overall functional bene®ts, the compliance of the users and possible modi®cations towards an hybrid system are all possible directions for future research.
